gen-1 (EEA1) on the membranes of early endosomes where it is involved in the fusion of endocytic vesicles their own internalization; upon contact with the host cell, the bacteria induce membrane ruffles [4] . EEA1 possesses a FYVE finger, a domain that binds with great specificity to PtdIns(3)P [5, 6]. Salmonella infection. To investigate this, we punctate structures distributed within the cytosol of the generated a highly specific probe for PtdIns(3)P that cell ( Figure 1a ). These structures were identified as early was used to follow invasion of Salmonella in endosomes since they colocalize with the early endosomal nonphagocytic cells. Here, we show that PtdIns(3)P marker EEA1 (Figure 1b ). This localization is consistent is present on the membranes of SCVs shortly after with that previously demonstrated [5].
a characteristic lipid of early endosomes. This endosomes is dependent upon PtdIns 3-kinase activity suggests a possible role for PtdIns(3)P during
Cells that express the 2xFYVE-EGFP probe contain Salmonella infection. To investigate this, we punctate structures distributed within the cytosol of the generated a highly specific probe for PtdIns(3)P that cell ( Figure 1a ). These structures were identified as early was used to follow invasion of Salmonella in endosomes since they colocalize with the early endosomal nonphagocytic cells. Here, we show that PtdIns(3)P marker EEA1 (Figure 1b ). This localization is consistent is present on the membranes of SCVs shortly after with that previously demonstrated [5] .
invasion and also that it is present on the membrane ruffles produced immediately prior to Localization of 2xFYVE-EGFP to early endosomes is deinvasion. We also show that this specific probe pendent upon PtdIns 3-kinase activity since the associacycles on and off the membranes of nascent SCVs tion can be completely abolished upon the addition of even when PtdIns 3-kinase activity is inhibited, the cell permeant PtdIns 3-kinase inhibitor wortmannin demonstrating that invading Salmonella influence ( Figure 2 ). This effect is dose dependent, with concentrathe composition of the membranes that envelop tions of wortmannin as low as 100 nM leading to loss of them during invasion. membrane association of the 2xFYVE-EGFP construct (data not shown). Wortmannin inhibits most of the host may well be mediated by similar interactions. The SCV is an unusual organelle inside which Salmonella reside and replicate [3] ; it is formed at membrane ruffles induced at the host cell surface by invading Salmonella [1, 2] . It was
Results and discussion
PtdIns(3)P is primarily produced by class III PtdIns recently shown that, at different times after invasion, the SCV is associated with different endosomal or lysosomal 3-kinases and is found specifically on the membranes of early endosomes and on internal vesicles of multivesicular markers [3] . Shortly after invasion, the SCV is associated with EEA1 and transferrin receptors (early endosomal endosomes [5] . PtdIns(3)P has been shown to be essential for the correct localization of the early endosomal autoantimarkers). As the SCV matures, it loses these markers Lysates were prepared from NRK cells expressing cytosolic EGFP (lanes 1 and 2), ER-localized CFP (lanes 3 and 4), or MDCK cells expressing the 2xFYVE-EGFP construct (lanes 5 and 6). As expected, the cytosolic EGFP was not detected in the membrane fraction, and wortmannin had no effect on the membrane association of ER-CFP. However, the membrane association of the 2xFYVE-EGFP construct was completely abolished by wortmannin treatment. and selectively acquires late endosomal markers including PtdIns 3-kinase inhibitors ( Figure 2 ), we chose to address the effects of such inhibitors on the recruitment of the lysosomal glycoproteins and vATPase, but not the mannose-6-phosphate receptor (MPR) [3] . Intriguingly, this 2xFYVE-EGFP probe to SCVs and membrane ruffles during invasion by Salmonella. Others have shown that change in membrane protein composition does not appear to involve fusion of the SCV with either late endosomes PtdIns 3-kinase inhibitors do not block Salmonella invasion [13] , but this does not preclude the possibility that or lysosomes [3] . Since the PtdIns lipid composition of early endosome and late endosome membranes plays a PtdIns(3)P still plays a role in the process. crucial role in the biogenesis of these organelles [8, 9], we decided to investigate the relationship between Surprisingly, we found that, even in the presence of wortPtdIns(3)P and SCV formation/maturation. In order to do mannin (or LY294002), the 2xFYVE-EGFP probe was this, we infected MDCK cells expressing 2xFYVE-EGFP localized to both nascent SCV membranes and membrane with wild-type Salmonella typhimurium (strain SL1344) and ruffles even though, as in uninfected cells (Figure 2 ), monitored the distribution of PtdIns(3)P during invasion.
in the presence of wortmannin there is no endosomal localization of 2xFYVE-EGFP (Figures 4, 5a ; data not We found that the 2xFYVE-EGFP probe localized to the shown). Similar results were found regardless of whether membranes of SCVs ( Figure 3 ). 2xFYVE-EGFP-decorwortmannin was added before or after the addition of ated SCVs were evident shortly after the formation of bacteria. membrane ruffles (67.9 Ϯ 5.3 s), consistent with published kinetics for the dynamics of Salmonella invasion of MDCK In addition, we observed that the EGFP probe cycled on cells [10] . The appearance of the 2xFYVE-EGFP probe and off the membranes of SCVs periodically such that on these organelles demonstrates that PtdIns(3)P is inmany of the SCVs appeared to "flash". This can be seen deed present on the membranes of nascent SCVs. We in the images presented in Figure 5 but is more readily also found that the 2xFYVE-EGFP probe localized to appreciated in the movies in the Supplementary material membrane ruffles at all stages of their development ( we observed that, in cells harboring more than one bacterium in separate SCVs, the SCVs "flashed" asynchroIn parallel experiments, serum-starved 2xFYVE-EGFPnously ( Figure 5a ). We found that the number and duraexpressing cells were stimulated with EGF to induce tion of "flashes" differed for individual bacteria. The membrane ruffles. Ruffles formed, but the EGFP probe 2xFYVE-EGFP probe was associated with the SCV memdid not localize to them (data not shown), indicating that brane anywhere from 1 to 6 min. The time between the presence of elevated levels of PtdIns(3)P is specific to "flashes" also varied and ranged from 1 to 3 min. The membrane ruffles induced by Salmonella. Upon infection most "flashes" observed on a single SCV was six (within with two SPI1-deficient strains of S. typhiumurium, which a 17-min period). fail to invade MDCK cells [12], we saw no recruitment of the 2xFYVE-EGFP probe to membranes other than those of early endosomes (data not shown).
These data reflect reversible recruitment of the 2xFYVE-EGFP probe to SCV membranes under conditions in which host cell production of PtdIns(3)P on endosomal
Effects of PtdIns 3-kinase inhibitors
Since the localization of the 2xFYVE-EGFP probe to membranes has been inhibited and indicate that the individual bacteria are influencing their local SCV membrane early endosomes can be abolished by the addition of enlarged region, corresponding to the box in (a), shows the formation the position of the large ruffle seen in (a) and (c). The movies (Movie of membrane ruffles and SCVs. The SCV (white ring, indicated by 2) from which the frames shown in (a) and (b) were taken are arrowhead) can be seen to form at the base of a membrane ruffle, available to view in the Supplementary material. (c) Phase contrast indicating the presence of PtdIns(3)P in both the membrane of the images: 100 s after infection with Salmonella, it is possible to see ruffle and that of the nascent SCV. In fact, two bacteria can be seen the invading bacterium (indicated by arrow) that induces the large to invade at the same site, the first SCV becoming apparent at about ruffle seen in (a). After 140 s, the membrane ruffle starts to form, 240-260 s and the second at about 320 s following the addition of and (by referring back to the corresponding image in [a]) it is clear Salmonella. There appears to be no significant change in the intensity that 2xFYVE-EGFP is immediately localized to the ruffle. The arrowhead of the fluorescent signal from early endosomes adjacent to the ruffle at 160 s indicates the bacterium that is internalized into the SCV seen and SCV, indicating that the 2xFYVE-EGFP probe on the ruffle and early in ( 2xFYVE-EGFP localizes to membrane ruffles and SCV membranes no longer any membrane-associated 2xFYVE-EGFP at the time of the even in the presence of wortmannin and cycles on and off SCV addition of bacteria (0 s); however, the membrane ruffle formed at membranes. Wortmannin (250 nM) was added to cells at time ϭ the site of invasion can again be discerned as a diaphanous light gray Ϫ440 s, and bacteria were added at time ϭ 0. Images were taken area due to the recruitment of the 2xFYVE-EGFP construct at 20-s intervals (numbers refer to time [in seconds] after the addition (indicated by an arrow). This ruffle can also be seen in the of bacteria) (see Movie 3 in the Supplementary material). The scale accompanying phase contrast images. bar represents 6 m. The white box references Figure 5a . There is environment independently. The "flashing" phenomeria. In which case, the "flashing" phenomenon would represent the invading pathogen depleting PtdIns(3)P in non is not specific to wortmannin-treated cells, since it was also observed on SCVs in control cells (data not the SCV membrane. Thus, 2xFYVE-EGFP would dissociate from the SCV membranes as PtdIns(3)P levels shown), but is more readily identified in those pretreated with wortmannin.
within them fall as a result of the actions of the invading pathogen. To counteract such actions, host cell proteins would act to replenish PtdIns(3)P on SCV membranes,
Conclusions
causing the 2xFYVE-EGFP probe to reassociate with There would appear to be several possible explanations them. This would imply that the invading Salmonella are for these observations. The invading Salmonella might capable of metabolizing host cell PtdIns(3)P (see below) activate or recruit a wortmannin-insensitive host cell PtdIns and the presence of a wortmannin-insensitive PtdIns 3-kinase on SCV membranes, they might secrete a Salmo-3-kinase activity in host cells; such an activity has been nella-encoded wortmannin-resistant PtdIns 3-kinase, or
shown to be present in clathrin-coated vesicles [15] . It is they might secrete or activate a PtdIns polyphosphate of note that Ellson et al. [14] observe the fusion of early phosphatase capable of converting, for example, PtdIns endosomes with phagosomes prior to the apparent eleva-(3,4,5)P 3 to PtdIns(3)P (though pools of all 3Ј-phosphorytion in the synthesis of PtdIns(3)P on phagosomal memlated PtdIns lipids will have been depleted by the action branes. Conversely, we observe that the 2xFYVE-EGFP of wortmannin [7] ). Conversely, and consistent with the probe is apparently recruited to SCV membranes directly observations of Ellson et al. [14] that PtdIns(3)P is apparfrom the cytosol, since it is recruited to membrane ruffles ently synthesized on the membranes of phagosomes in and SCVs just as rapidly in wortmannin-treated cells macrophages, the initial recruitment of the 2xFYVE-(where there is no detectable 2xFYVE-EGFP probe on EGFP probe to membranes during and following Salmonella invasion may reflect a cellular response to the bacteendosomal membranes) as it is in control cells. An enlarged region of Figure 4 , showing cycling of 2xFYVE-EGFP on fluorescence asynchronously. The movie (Movie 3) from which the and off SCV membranes. (a) These panels show an enlarged region, frames shown in (a) and Figure 4 were taken are available to view corresponding to the boxed region in Figure 4 , and illustrate the as Supplementary material. (b) Phase contrast images of a similar formation of membrane ruffles and SCVs. The white arrow indicates region as in (a): the arrowheads in (a) and (b) correspond to one the appearance of a 2xFYVE-EGFP-decorated SCV at about 520 s another, but for the sake of clarity, most arrows from (a) are omitted. following the addition of bacteria to the wortmannin-treated cells.
The arrow at 540 s indicates the position of the SCV referred to in (a). This SCV becomes brighter (540 and 560 s) before dimming (580 These images indicate that the "flashing" seen in (a) is not due to the s) and disappearing (600 s). It then rapidly "reappears" (640 s)
SCVs moving in and out of the focal plane. This can be illustrated by before disappearing again. This cycle of appearance and disappearance monitoring the internalized bacterium highlighted by the arrowhead at is not a result of the SCV moving in and out of the focal plane, since 740 s: this bacterium is clearly present from 600 s onward but, when the accompanying phase contrast images show the continued compared to the corresponding areas in (b), is only decorated with presence of the SCV in the focal plane being imaged. Other SCVs 2xFYVE-EGFP from 720 to 780 s and then disappears at 800 s (one is indicated by an arrowhead) are also seen to gain and lose only to reappear at 820 s. The precise mechanism involved remains to be eluci- 
Supplementary material
Supplementary material including all movies and further details of the Materials and methods are available at http://images.cellpress.com/ supmat/supmatin.htm.
